There is limited knowledge regarding the influence of autophagy on the anticancer effect of dihydroartemisinin (DHA). The present study aimed to investigate this influence within human breast cancer cells. Changes in cell viability, cell cycle distribution, apoptosis and associated genes were analyzed in MDA-MB-231 cells subjected to DHA following alteration in autophagy levels; the autophagy level was decreased following autophagy-related 7 (Atg7) knockdown or increased using rapamycin. The data indicated that rapamycin had the ability to notably enhance the anticancer effect of DHA on MDA-MB-231 cells. Autophagy induction may be key in mediating the anticancer effects of DHA, and rapamycin may regulate the death-associated protein kinase via the alteration of Atg7 expression, which would influence cell apoptosis. The present study presented a novel insight into enhancing the effectiveness of future treatment regimens for breast cancer using DHA.
Introduction
Dihydroartemisinin (DHA) is a semisynthetic derivative of artemisinin (ARS) isolated from the traditional Chinese herb Artemisia annua L.; it has been frequently used in the treatment of malaria (1, 2) . Previous studies have reported that DHA also has potent antitumor effects; however, its anticancer mechanism is not well understood (3) (4) (5) (6) .
To date, a number of antitumor mechanisms that underlie the effects of DHA have been investigated. Lai et al (5) reported that ARS forms cytotoxic free radicals by reacting with iron to kill breast cancer cells in rats. It was also confirmed that DHA has the ability to slow the growth of breast tumors via a similar mechanism, as it is an analog of ARS (5) . In a previous study, Noori and Hassan (6) demonstrated that DHA inhibited tumor growth through regulation of the immune response in the RIN cell line, and also inhibited the growth of tumor tissue in vivo. It was demonstrated that DHA exerts its anticancer action by increasing the expression of interferon-γ and decreasing the level of interleukin-4 (6) . The majority of reports concerning the mechanisms underlying DHA have focused on DHA-induced apoptosis (7, 8) . Chen et al (7) reported that ARS and its derivatives, particularly DHA, were potently cytotoxic to human ovarian cancer A2780 and OVCAR-3 cells through the death receptor and mitochondrial-mediated caspase-dependent apoptotic pathways. Handrick et al (8) demonstrated that DHA induced the activation of caspases and DNA fragmentation in Jurkat T-lymphoma cells, which would induce apoptosis. In addition, DHA has been identified to induce autophagy in cancer cells: Hu et al (9) and Jia et al (10) demonstrated that DHA has the ability to induce autophagy and exert anticancer activities in cell lines of various types of cancer, including the human multiple myeloma cancer RPMI 8226 cell line, promyelocytic leukemia NB4 cell line, human colorectal cancer HCT116 cell line, human cervical cancer HeLa cell line and the human pancreatic cancer cell lines BxPC-3 (CRL-1687) and PANC-1 (CRL-1469).
Autophagy is an intracellular degradation process of dispensable material for cell survival when cells encounter environmental stresses, including nutrient starvation and pathogen infection (11) (12) (13) (14) . In recent years, autophagy has been considered to serve an important role in carcinogenesis, development and patient prognosis (12) (13) (14) (15) (16) (17) . It has been revealed that several autophagy-related (Atg) genes were involved in autophagosome formation (12) (13) (14) (15) (16) (17) . Autophagy is a protective mechanism that exerts antitumor action (13) (14) (15) (16) (17) . For example, mice with the heterozygous mutant autophagy gene ATG6/BECN1 are prone to developing liver and lung tumors (13) (14) (15) (16) (17) . Atg7 is known to serve a role in forming the autophagic vacuole (15) (16) (17) (18) (19) . Conversely, the protective mechanism of autophagy can be utilized by cancer cells to overcome environmental stresses, including nutritional deficiency and the therapeutic use of anticancer drugs (19) . Gonzalez et al (19) demonstrated that the anticancer action of MitoQ ® was inhibited in the Atg7-deficient human MDA-MB-231 cell line. In the present study, RNAi technology was utilized to interfere with Atg7 expression to suppress autophagy.
It was assumed that the anticancer action of DHA would be affected by the level of autophagy; therefore, the associated changes to cell viability, expressions of associated genes and the cell cycle in breast cancer cells were observed when the level of autophagy was altered. Rapamycin is a lipophilic macrolide antibiotic that has the ability to induce autophagy in various cell types (20, 21) ; thus, in the present study, rapamycin was used to induce autophagy. Although the amount of data concerning autophagy and DHA is extensive, the association between the autophagy and DHA response in cancer cells remains unclear. The present study aimed to investigate the effect of autophagy on the anticancer action of DHA in MDA-MB-231 cells. Rapamycin and Atg7 small interfering RNA (siRNA) was used as inducer and inhibitor of autophagy, respectively. Following this, cell viability was detected by the MTT method (22) , the expression levels of Atg7 and death-associated protein kinase (DAPK) were measured by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and the cell cycle distribution was estimated using flow cytometry. The present study revealed that the anticancer action of DHA is enhanced by rapamycin, but is reduced following Atg7 knockdown. DAPK is involved in membrane blebbing and the formation of autophagic vesicles in the process of cell death (23, 24) . The expression of the DAPK1 gene was assessed when autophagy was altered in DHA-treated MDA-MB-231 breast cancer cells. It was demonstrated that rapamycin regulated the Atg7 gene and alter the expression of DAPK, which inhibited proliferation or promoted apoptosis in breast cancer MDA-MB-231 cells.
Materials and methods
Cell culture and reagents. MDA-MB-231 cells were provided by the National Key Laboratory of Molecular Biology Department, West China Medical Centre of Sichuan University (Chengdu, China). Rapamycin was obtained from Selleck Chemicals (Houston, TX, USA; cat no. S1039) and DHA was obtained from Shaanxi Sciphar Biotechnology Co., Ltd. (Xi'an, China). The cell lines were cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% penicillin and streptomycin (both Invitrogen; Thermo Fisher Scientific, Inc.). When cells reached ~80% confluence, the cells were seeded into 96-well plates (1x10 5 /ml) and cultured for 20 h. All cultures were maintained at 37˚C in a humidified atmosphere containing 5% CO 2 . Next, the cells were treated in groups, which included DHA alone (10 µg/ml), DHA (10 µg/ml) and rapamycin (100 nmol/l) (the rapamycin group), and Atg7-knockdown cells treated with DHA (10 µg/ml) (the Atg7-knockdown group). Each group was repeated three times in triplicate. siRNA and transfection. MDA-MB-231 cells were transfected with 21-25 nt Atg7 siRNA at 100 nM or negative-control (NC) siRNA Guangzhou RiboBio Co., Ltd., Guangzhou, China) using the Atg7 siRNA kit (cat no. RN:R10043.4) following the manufacturer's protocol once cells had been cultured for 24 h, using Lipofectamine ® RNAiMAX Transfection Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The target sequence for Atg7 siRNA (cat no. 1294165753) was GGA GTC ACA GCT CTT CCT T, and the primer sequences were as follows: Sense, 5'-GGA GUC ACA GCU CUU CCU UdT dT-3' and antisense, 5'-AAG GAA GAG CUG UGA CUC CTd Td-3'. Transfection efficiency was determined by detecting Atg7 expression levels with RT-qPCR. Following transfection for 4 h, the medium was removed from all groups and the cells were washed twice with 0.01 mol/l PBS. Next, the cells were re-cultured in DMEM (high-glucose) at 37˚C in a humidified atmosphere containing 5% CO 2 . Cells were then separated into 3 groups; i) DHA+Atg7(-) group, MDA-MB-231 cells transfected with Atg7-siRNA and treated with DHA (10 µg/ml); ii) DHA group, MDA-MB-231 cells treated with DHA alone (10 µg/ml); iii) DHA+Rapamycin(-) group, MDA-MB-231 cells treated with DHA (10 µg/ml) and rapamycin (100 nmol/l). Each group was repeated three times in triplicate. The time between transfection and subsequent experimentation was 4 h.
RNA preparation and RT-qPCR analysis. Total RNA was isolated from cultured MDA-MB-231 cells with TRIzol ® Reagent (Takara Biotechnology Co., Ltd., Dalian, China) following treatment for 24 h. First-strand cDNA was synthesized using the Revert Aid™ First Strand cDNA Synthesis kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's protocol. The method of analysis used in RT-qPCR followed a protocol described in a previous study (25) .
To determine the effectiveness of the Atg7 siRNA transfection, RT-qPCR was performed to detect Atg7 mRNA levels using the primers described previously (25) (Sangon Biotech Co., Ltd., Shanghai, China): Human Atg7, forward 5'-CTT TTT GCC AAC ATC CCT G-3' and reverse 5'-GGT CTC TGG TTG AAT CTC CT-3'; reference gene human β-actin primers, forward 5'-GAA GAT CAA GAT CAT TGC TCC T-3' and reverse 5'-TAC TCC TGC TTG CTG ATC CA-3'. Conditions for the RT-qPCR reactions were as follows: 2 min at 94˚C followed by 40 cycles of 20 sec at 94˚C, 16 sec at 54˚C and 30 sec at 72˚C. The gene expression results were analyzed using GraphPad Prism software version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). To detect mRNA levels of the target gene in autophagy-and cancer-associated pathways, the following primers (Shanghai Kehua Bio-engineering Co., Ltd.) were employed for qPCR using the same conditions as described previously (26): DAPK1, forward 5'-AGA AAT TCA AGA AGT TTG CAG-3' and reverse 5'-GTC TTC CTC ATC CAG AGT AT-3' .
Cell viability assay. The viability of each group were detected at 6, 12, 24, 48 and 72 h time points following treatment [either DHA alone (10 µg/ml); DHA (10 µg/ml) and rapamycin (100 nmol/l); or Atg7-knockdown cells treated with DHA (10 µg/ml)], and experiments were repeated 3 times. The media were removed from all groups and replaced with serum-free high-glucose DMEM. Next, MTT (5 mg/ml) was added into the wells and cultured at 37˚C for 4 h.
When the medium of all groups was discarded, dimethyl sulfoxide was added into the wells (150 µl/well) and oscillated for 10 min to dissolve the formazan crystals. A colorimetric assay was performed using an ELISA reader (Supermax 3100 Plus; Shanghai Flash Biotechnology Co., Ltd., Shanghai, China) to determine the optical density value of each group at a wavelength of 490 nm (OD490). The number of living cells was proportional to the OD490, which was used to determine the cell viability.
Flow cytometry. MDA-MB-231 cells were inoculated on 6 well plates (2 ml/well) and cultured for 24 h at a concentration of 5x10 4 /ml using DMEM (Invitrogen; Thermo Fisher Scientific, Inc.). Cells were then cultured at 7˚C in 5% CO 2 and 95% saturated humidity following treatment by group as aforementioned [either DHA alone (10 µg/ml); DHA (10 µg/ml) and rapamycin (100 nmol/l); or Atg7-knockdown cells treated with DHA (10 µg/ml)] for 24 h. Subsequently, cells were harvested after 24 and 48 h and fixed with precooling 70% ethanol at 4˚C for 1 h. Cells were then centrifuged at 400 x g for 10 min at 4˚C, washed twice with 0.01 mol/l PBS solution, and incubated with 1 ml 0.01 mol/l PBS containing 100 µg/ml RNAase A (cat no. HZB0210; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C for 30 min. Subsequently, 75 µl propidium iodide (Sigma-Aldrich; Merck KGaA) was added to 1 ml 0.01 mol/l PBS at a final concentration of 50 µg/ml and incubated at 4˚C in dark room for 30 min. Finally, BD FACS Calibur Flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) was used and cell cycle data was analyzed using BD FACSDiva software version 4.1 (BD Biosciences).
Statistical analysis. All results, unless otherwise indicated, are expressed as the mean ± standard error of at least triplicate experiments. Data were analyzed using the GraphPad Prism software version 5.01. P<0.05 was considered to indicate a statistically significant difference. Differences were evaluated using Student's t-test, or two-way repeated measures analysis of variance with Bonferroni's post hoc test. Information regarding autophagy pathways were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) (27) .
Results

Rapamycin promotes the death of DHA-treated MDA-MB-231 cells whereas Atg7 deficiency increases the survival rate of DHA-treated MDA-MB-231 cells.
MDA-MB-231 cells were treated with DHA-alone (10 µg/ml), DHA (10 µg/ml) and rapamycin (100 nmol/l), or DHA (10 µg/ml) and Atg7 siRNA. MDA-MB-231 cells were examined using an MTT assay (6, 12, 24, 48 and 72 h) . Rapamycin decreased the viability of MDA-MB-231 breast cancer cells, whereas Atg7 knockdown increased cell viability (Fig. 1) . The data demonstrated that rapamycin enhanced the anticancer action of DHA on this breast cancer cell line; therefore, rapamycin promoted the death of DHA-treated MDA-MB-231 cells. Hence, rapamycin-induced autophagy may promote the anticancer effect of DHA on breast cancer cells (Fig. 1) .
Atg7 may indirectly upregulate DAPK expression and enhance autophagy.
To investigate the effect of autophagy inhibition or induction on gene expression involved in the cancer and autophagy pathways, the mRNA levels of Atg7 and DAPK were examined using RT-qPCR, with β-actin as the reference gene, following 24 h of the aforementioned treatments. Expression of Atg7 and DAPK was increased in the rapamycin group, whereas the expression levels decreased in the Atg7-knockdown group. The data demonstrated that the Atg7 gene may positively regulate DAPK expression via an unknown mechanism (Fig. 2) .
Rapamycin promotes apoptosis in DHA-treated MDA-MB-231 breast cancer cells.
To investigate the effect of DHA on the cell cycle and apoptosis following the induction or inhibition of autophagy, the number of cells in each cell cycle phase was examined using a flow cytometer at 24 and 48 h. Treatment with rapamycin notably increased the cell number in the apoptosis phase at 24 and 48 h, which indicated that the induction of autophagy may be vital for apoptosis to occur in MDA-MB-231 cells. Compared with the rapamycin group, the cell number during the apoptosis phase was less in the Atg7-kncokdown group at each time point. Cell cycle arrest for all groups at 24 and 48 h occurred in the G 0 /G 1 phase. The results indicate that rapamycin promoted apoptosis in DHA-treated MDA-MB-231 breast cancer cells ( Fig. 3 ).
Discussion
In recent years, the anticancer effects of DHA have been demonstrated in a number of studies (28, 29) . Zhang et al (30) demonstrated that DHA can inhibit translationally controlled tumor protein (TCTP)-dependent cell migration and invasion by inhibiting TCTP and reducing cell division control protein 42 homolog (Cdc42) activation in the TCTP-positive cell lines NOZ, GBC-SD, OCUG-1 and EH-GB-1 in vitro. Additionally, this was also demonstrated in gallbladder cancer xenograft animal models established using a spleen-to-liver metastasis model in immunodeficient mice (30) . Lemke et al (31) revealed that DHA exerted an anti-glioma activity, which included promotion of autophagy and induction of oxidative stress in the glioma cell lines LN-229 and LN-Z308 as well as in the primary T269 glioma cell line. The study indicated that DHA mildly inhibited the growth of glioma cells via the induction of autophagy, and that the anticancer effect of temozolomide was significantly enhanced following co-treatment with DHA in vitro and in vivo (31) . Zhao et al (32) demonstrated that combined treatment with DHA and curcumin decreased cell viability, arrested the cell cycle and promoted apoptosis in human ovarian cancer SKOV3 cells. It was also identified that treatment with DHA alone has the ability to induce limited apoptosis, arrest the cell cycle at the S and G 2 /M phases and inhibit tumor growth in a xenograft model established by subcutaneously injecting SKOV3 cells into the right flank of female BALB/c nude mice, without notable toxicity (32) . Additionally, caspase-3 was not activated following treatment with DHA, and caspase-3 inhibitors did not inhibit cell apoptosis in any group; therefore, it was hypothesized that DHA may induce cell apoptosis via other apoptotic pathways (32) . Consistent with these previous studies, the present study identified that DHA induced autophagy. Despite the presence of numerous studies (28) (29) (30) (31) (32) , there is limited knowledge regarding the effect of autophagy on the anticancer action of DHA. The present study revealed the role of autophagy in the anticancer action of DHA within MDA-MB-231 cells. It was demonstrated that induction of autophagy using rapamycin promoted the death of DHA-treated MDA-MB-231 breast cancer cells, and Atg7 knockdown increased the survival rate of DHA-treated MDA-MB-231 cells. Furthermore, it was revealed that treatment with rapamycin notably increased the proportion of apoptotic cells at 24 and 48 h, indicating that the induction of autophagy may be required for the apoptosis of MDA-MB-231 cells. Rapamycin has the ability to increase the expression of Atg7 and DAPK genes to enhance cell autophagy. Atg7 knockdown decreased the expression levels of DAPK, thus autophagy was inhibited. Existing data from the associated autophagy pathway in KEGG (27) indicated that increased expression of the DAPK gene has the ability to negatively regulate the ERK signaling pathway and therefore inhibit cell proliferation (27) and activate autophagy-associated pathways (27) . The data demonstrated that DHA synergizes with rapamycin and promotes cell death and apoptosis via the upregulation of DAPK and Atg7, which provides an indication for its usefulness in anticancer studies and clinical application. In accordance with the results of other studies regarding DHA, the effects of DHA on autophagy were further confirmed (28) (29) (30) (31) (32) . The present study provides novel evidence regarding the effects of rapamycin combined with DHA and Atg7 knockdown; however, owing to the limitations of in vitro experiments, the associated combined effects should be investigated in in vivo animal models in the future, with further cell lines investigated.
In conclusion, the present study demonstrated that rapamycin had the ability to promote cell death and apoptosis, and notably increased Atg7 and DAPK gene expression in MDA-MB-231 cells. Conversely, Atg7 knockdown facilitated cell survival and decreased Atg7 and DAPK gene expression in MDA-MB-231 cells. Previous studies have demonstrated that increased expression of the DAPK gene resulted in negative regulation of the ERK signaling pathway, which would inhibit cell proliferation; therefore, rapamycin may regulate the proliferation of MDA-MB-231 cells by increasing Atg7 gene expression, which in turn would increase DAPK gene expression levels. Consequently, it was considered that promoting autophagy may be vital in the anticancer effects of DHA, and that the regulation of the Atg7 expression levels may also influence DAPK expression levels.
